The hepatitis C virus (HCV) subgenomic replicon is the primary tool for evaluating the activity of anti-HCV compounds in drug discovery research. Despite the prevalence of HCV genotype 1a (ϳ70% of U.S. HCV patients), few genotype 1a reporter replicon cell lines have been described; this is presumably due to the low replication capacity of such constructs in available Huh-7 cells. In this report, we describe the selection of highly permissive Huh-7 cell lines that support robust replication of genotype 1a subgenomic replicons harboring luciferase reporter genes. These novel cell lines support the replication of multiple genotype 1a replicons (including the H77 and SF9 strains), are significantly more permissive to genotype 1a HCV replication than parental Huh7-Lunet cells, and maintain stable genotype 1a replication levels suitable for antiviral screening. We found that the sensitivity of genotype 1a luciferase replicons to known antivirals was highly consistent between individual genotype 1a clonal cell lines but could vary significantly between genotypes 1a and 1b. Sequencing of the nonstructural region of 12 stable replicon cell clones suggested that the enhanced permissivity is likely due to cellular component(s) in these new cell lines rather than the evolution of novel adaptive mutations in the replicons. These new reagents will enhance drug discovery efforts targeting genotype 1a and facilitate the profiling of compound activity among different HCV genotypes and subtypes.
With 170 million people infected, hepatitis C virus (HCV) represents a significant and immediate global health burden (34) . No vaccine is available, and the current standard of care of pegylated alpha interferon (IFN-␣)/ribavirin combination therapy is poorly tolerated, only partially effective, and contraindicated in many patient populations (10, 22) . If untreated, HCV infection leads to an increased risk of liver cancer and/or cirrhosis (28) . HCV exhibits considerable genetic diversity and can be divided into seven major genotypes (i.e., genotypes 1 to 7) and several subtypes (e.g., genotypes 1a, 1b, etc.) (27, 29, 30) . Genotype 1a is the predominant genotype in North America (representing up to 70% of infections), while genotype 1b is predominant in Europe and Japan (7, 38) .
The HCV subgenomic replicon, the primary tool for discovering and characterizing inhibitors of HCV replication, is a self-replicating, bicistronic viral RNA (21) . The first cistron typically encodes a reporter gene and/or a selectable marker, and expression is driven by the HCV internal ribosome entry site (IRES). The second cistron encodes the HCV nonstructural proteins, and expression is generally driven by the encephalomyocarditis virus (EMCV) IRES. The nonstructural proteins are translated as a polyprotein, proteolytically processed by the viral NS3/4A protease, and form a replication complex in which the NS5B RNA-dependent RNA polymerase replicates the entire replicon RNA (1, 26) . By transfecting replicon RNA into a permissive cell line (such as Huh-7), clonal cell lines that stably replicate HCV replicons can be selected.
With respect to drug discovery, replicon cell lines enable the identification of small-molecule inhibitors, the selection of resistance mutations, and the characterization of an inhibitor's mechanism of action. Historically, replication levels were monitored by measuring HCV RNA (i.e., Northern blotting or reverse transcription [RT]-PCR), but this approach is labor intensive and, consequently, not ideal for high-throughput screening. The incorporation of reporter genes, such as secreted alkaline phosphatase (SEAP), beta-lactamase, or firefly luciferase, facilitated antiviral screening efforts by increasing assay throughput and improving assay statistics (e.g., signal-tonoise ratio and Z factor) (16, 24, 36) . The humanized Renilla reniformis luciferase gene (hRluc) is being increasingly utilized in the HCV infectious virus system due to its enhanced signalto-noise ratio and decreased gene length (12, 15, 23) . More recently, a humanized Gaussia princeps luciferase gene (hGluc) with even higher substrate turnover rates and smaller gene size than hRluc has been described (32) . Despite these advances in reporter gene technology, few stable 1a luciferase replicon cell lines have been described, presumably due to the low replication capacity of such constructs in available Huh-7 cells. Drug discovery efforts involving genotype 1a, including direct potency comparisons of antiviral agents between genotypes 1a and 1b and phenotypic characterization of resistant-mutant 1a replicons, remain low in throughput in the absence of genotype 1a reporter replicon cell lines and cell lines highly permissive for genotype 1a replication.
Two distinct strategies have been used to facilitate robust HCV replication in Huh-7 cells. In one approach, combinations of cell culture-adaptive mutations are engineered into the replicon genome prior to transfection (11, 16, 20) . The second approach (5, 19, 24) selects an enriched population of Huh-7 cells that are highly permissive for HCV replication through curing cell lines that stably replicate HCV replicons. For example, Huh7-Lunet and Huh7.5 cells are both derivatives of Huh-7 cells that exhibit markedly enhanced permissivity to replication of genotype 1b replicons (5, 21) . Selection of cells based on enhanced permissivity to genotype 1a replication, however, has not been previously described. Here, we report the successful isolation of novel stable cell lines robustly replicating luciferase-encoding genotype 1a HCV replicons. To achieve this, it was necessary to first generate novel cell lines with enhanced permissivity to genotype 1a replication.
amplification product was subcloned into pCR2.1-TOPO (Invitrogen). The resulting plasmid was digested with AscI and AflII, and the excised fragment (hRluc-Neo) was ligated with T4 DNA ligase (Promega) into pH/SG-Neo(LϩI) digested with the same enzymes. The resulting vector, pH/SG-hRluc-Neo(LϩI) was sequenced to confirm the correct orientation and sequence of the hRluc-Neo fusion gene.
Plasmid pHCV-SF9-RlucNeo(KϩYϩI) was generated from pHCV-SF9(KϩYϩI), which encodes a genotype 1a (SF9 strain) subgenomic replicon and was obtained from Robert Lanford (Southwest Foundation for Biomedical Research, San Antonio, TX). The hRluc-Neo fusion gene was amplified from pF9 CMV hRluc-Neo Flexi(R) (Promega) by PCR using Accuprime super mix I (Invitrogen) and a primer set of BstBI hRluc Fwd and EcoRI Neo Rev. These primers have the following sequences and introduce restriction sites for subsequent cloning: BstBI hRLuc Fwd, 5Ј GAC TTC GAA CAT GGC TTC CAA GGT GTA CGA C 3Ј (BstBI site underlined), and EcoRI Neo Rev, 5Ј CTG AAT TCC GGA CGC GTT CAG AAG AAC TCG TC3Ј (EcoRI site underlined). The hRluc-Neo amplification product was subcloned into pCR2.1-TOPO (Invitrogen). The resulting plasmid was digested with BstBI and EcoRI, and the excised fragment (hRluc-Neo) was ligated with T4 DNA ligase (Promega) into pHCV-SF9(KϩYϩI) cut with the same enzymes. The resulting vector, pHCV-SF9-RlucNeo(KϩYϩI), was sequenced to ensure the correct orientation and sequence of the hRluc-Neo fusion gene.
Plasmid pFK-rep PI-luc/5.1, which encodes a genotype 1b (Con1 strain) replicon and firefly luciferase reporter driven by the polio IRES, was obtained from ReBLikon GMBH (9) . The plasmid pCon1/SG-hRlucNeo was generated from the plasmid I389luc-ubi-neo/NS3-3Ј/ET, which encodes a genotype 1b (Con1 strain) subgenomic replicon and was obtained from ReBLikon GmbH. The hRluc-Neo gene was PCR amplified from pF9 CMV hRluc-Neo Flexi(R) by PCR using Accuprime super mix I and the primers AscI hRLuc Fwd and NotI hRluc Rev. These two primers have the following sequences and carry restriction sites for subsequent cloning: AscI hRLuc Fwd, 5Ј ACT GAC GGC GCG CCA TGG CTT CCA AGG TGT ACG 3Ј (AscI site underlined), and NotI hRluc Rev, 5Ј GTC AGT GCG GCC GCT CAG AAG AAC TCG TCA AGA 3Ј (NotI site underlined). The hRluc-Neo amplification product was subcloned into pCR2.1-TOPO. The resulting plasmid was digested with AscI and NotI, and the excised fragment (hRluc-Neo) was ligated using T4 DNA ligase into I389luc-ubi-neo/ NS3-3Ј/ET cut with the same enzymes. The resulting vector, pCon1/SG-hRlucNeo, was sequenced to confirm the correct orientation and sequence of the hRluc-Neo fusion gene.
Plasmid pLucNeo2a was derived from pJFH1, a plasmid containing the fulllength genotype 2a (JFH-1 strain) genome (Toray, Inc., Japan), as follows: the HCV nonstructural genes, along with the plasmid backbone in pJFH1, were amplified and self-ligated to generate p2aSG by PCR using a primer set of HCV2aCoreAfeIrev and HCVMlu2aNS3fw. HCV2aCoreAfeIrev has the sequence 5Ј TCTAGA AGCGCT tgggcg acggtt ggtgtt tctttt gg 3Ј (HCV sequence in lowercase) and encodes an AfeI site (underlined). HCVMlu2aNS3fw has the sequence 5Ј GAGCTT ACGCGT atggct cccatc actgct tatg 3Ј (HCV sequence in lowercase) and an MluI site (underlined). The AfeI and MluI sites were introduced at the 20th residue of core protein and upstream of NS3, respectively, to allow the insertion of the luciferase reporter and the neomycin phosphotransferase gene. The fragment encoding the reporter, the Neo gene, and the EMCV IRES was amplified by PCR from the pFKi389lucubineoNS3-3Ј_ET replicon using primers with AfeI and MluI sites at the ends and subsequently cloned into a pTA TOPO vector. An XbaI site was knocked out of the luciferase/Neo/IRES fragment by site-directed mutagenesis so that the final replicon construct would have only one XbaI site. The plasmid pLucNeo2a was then generated by ligation of the cloned AfeI-MluI fragment containing luciferase/Neo/IRES into the plasmid p2aSG after digestion with AfeI and MluI. The sequence was confirmed by DNA sequencing.
RNA transcription. Plasmid DNAs containing genotype 1a subgenomic HCV replicon sequences were linearized with either HpaI (H77 replicons), XbaI (SF9 replicons), or AseI and ScaI (genotype 1b replicons) and purified using a PCR purification kit (Qiagen, Valencia, CA). RNA was synthesized with T7 MEGAScript reagents (Ambion, Austin, TX) following the manufacturer's suggested protocol, and reactions were stopped by digestion with RNase-free DNase. RNA was purified using an RNeasy kit (Qiagen) in accordance with the manufacturer's protocol. RNA concentrations were determined by measurement of the optical density at 260 nm, and RNA integrity was verified by 0.8% agarose gel electrophoresis and ethidium bromide staining.
Extraction, amplification, and genotypic analysis of HCV RNA. HCV RNA isolation, RT-PCR, and sequencing were performed by Tacgen (Hayward, CA). RNA was purified using an RNeasy kit (Qiagen) in accordance with the manufacturer's protocol. RT-PCR was performed using the SuperScript III first-strand synthesis system (Invitrogen). DNA samples were sequenced using ABI BigDye version 3.1 chemistry on an ABI PRISM 3700 DNA analyzer. . Cell plates were incubated at 37°C for 3 days, after which culture medium was removed and cells were assayed for luciferase activity as markers for replicon levels. Luciferase expression was quantified using a commercial luciferase assay (Promega). Luciferase levels were converted into percentages relative to the levels in the untreated controls (defined as 100%), and data were fitted to the logistic dose response equation
] using XLFit4 software (IDBS, Emeryville, CA) (y is the amount of normalized luciferase signal, x is the drug concentration, a represents the curve's amplitude, b is the x value at its transition center [EC 50 ], and c is a parameter which defines its transition width).
Z determination. To determine the ZЈ factor, 8 wells of a 96-well plate were treated for 72 h with 0.5 M protease inhibitor BILN-2061 (positive control), and 8 wells were treated with 0.5% DMSO (negative control) in triplicate assays. The ZЈ factor was calculated for the antiviral luciferase endpoint using the
, where is the standard deviation of the positive (p) or negative (n) control and is the mean of the positive control or negative control (39) .
RESULTS

Design and construction of HCV 1a replicon constructs.
While a variety of reporter replicon constructs encoding genotype 1b and genotype 2a nonstructural proteins have been described (3, 14, 21) , there are few examples of reporter replicons encoding genotype 1a nonstructural genes. We designed and constructed subgenomic replicons with either the hRluc or hGluc reporter gene fused to neomycin in the first cistron and genotype 1a nonstructural genes from the H77 or 1a SF9 strains (4, 8, 17) in the second cistron to enable the selection of stable genotype 1a luciferase reporter replicon cell lines (Fig.  1) . Adaptive mutations shown to enhance the replication of subgenomic H77 or SF9 replicons in tissue culture (E1202K, D1431Y, P1496L, and S2204I) were included in the nonstructural genes (37) .
Selection of cell lines highly permissive to genotype 1a HCV replication. We initially attempted to establish stable genotype 1a luciferase replicon cell lines in Huh7-Lunet cells. However, transfection of these cells with the luciferase replicons described above failed to generate G418 (Geneticin)-resistant colonies in multiple independent experiments. To overcome this, we adopted a strategy used by others to generate cell lines highly permissive to genotype 1b replication. Specifically, we sought to select new cell lines highly permissive to genotype 1a replication by curing cell lines harboring 1a replicons without reporter genes.
We established stable genotype 1a replicons without reporter genes by transfecting Huh7-Lunet cells with 1a H77 neo RNA which encodes an H77 1a replicon carrying both the P1496L and S2204I adaptive mutation (25) . Individual G418-resistant colonies were isolated and expanded, and replication levels were quantified by measuring NS3 protease activity ( well as morphological and growth characteristics similar to those of the original parent cell line (Huh7-Lunet) were further expanded (1a H77-23, 1a H77-51, 1a H77-57, 1a H77-65, and 1a H77-79). These five 1a H77 replicon cell lines were then cured of the replicon by prolonged treatment with a combination of IFN-␣, the NS3 protease inhibitor BILN-2061, and the novel NS5B polymerase inhibitor GS-9190. The resulting cured cell lines, designated 23C, 51C, 57C, 65C, and 79C, were shown to lack detectable HCV replication by two independent methods: first, NS3 protease activity (data not shown) was at or below the level in naïve Huh7-Lunet cells and, second, each clone was fully sensitive to the cytotoxic effects of G418.
To assess the ability of the cured cell lines to support genotype 1a replication, we transfected 1a H77 neo RNA into the five cured cell lines and the parental Huh7-Lunet cells. After 3 weeks of G418 selection, the number of G418-resistant colonies observed in the cured cells was significantly higher than that with Huh7-Lunet cells. Among the different 1a cured cell lines, permissivity, as measured by colony formation, ranged from approximately 2-fold (1a H77-23 and 1a H77-79) to 100-fold that observed with Huh7-Lunet cells (Table 1) . Two cured replicon cell clones, 51C (Fig. 3A) and 57C, exhibited the highest degree of permissiveness to genotype 1a replication and were used in subsequent studies.
To determine if the cured cell lines retained permissivity to replicons encoding other HCV genotypes, we transfected genotype 1a, 1b, and 2a luciferase-encoding replicons into 57C and Huh7-Lunet cells (Fig. 3B) . Three days postelectroporation, the luciferase-labeled 1a replicon had replicated at much higher levels in 57C cells (Ͼ30-
Generation of cell lines stably replicating luciferase-encoding genotype 1a replicons. To establish stable 1a luciferase replicon cell lines, we electroporated in vitro-transcribed RNA for reporter and parental replicons (Fig. 1) into Huh7-Lunet, 51C, or 57C cells. Remarkably, all 51C and 57C cells transfected with the 1a H77 and 1a SF9 luciferase replicons yielded a significant number of G418-resistant colonies, while Huh7-Lunet cells yielded none (consistent with the results of our initial experiments, data not shown). To assess replication levels in these new genotype 1a stable replicon cell lines, luciferase activity was measured (Fig. 4) . All stable 1a replicon luciferase cell lines showed robust luciferase expression, and luciferase signal-to-background ratios in excess of 100 were observed after miniaturization into the 96-well format (Table  2) . ZЈ factors, which measure assay quality (39), were calculated for each luciferase reporter replicon using the NS3 inhibitor BILN-2061 as a positive control or an equivalent volume of DMSO as a negative control (Table 2) . Over three independent assays, both hRluc and hGluc 1a replicon cell (2, 6, 13, 33) . Compounds were also selected to exhibit a broad range of antiviral potency; HCV-796, for example, was approximately 100-fold more potent than 2ЈCMA in previous replicon assays. Antiviral activity, as measured by 50% effective concentrations (EC 50 s), was consistent for each compound among the various 1a luciferase replicon cell lines (including four 1a H77 luciferase replicon cell lines and three 1a SF9 luciferase replicon cell lines) (Fig. 5) . The potencies observed in this experiment for both 1a H77 and 1a SF9 replicons were consistent with EC 50 s we have previously generated in the 1a H77-57 nonreporter replicon cell line (data not shown). These results confirm the phenotypic similarity of 1a replicon cell lines with luciferase reporters (hGluc or hRluc) from different isolates (H77 or SF9) in distinct cured cell lines (51C or 57C).
We next compared the potency of compounds between genotype 1a and genotype 1b replicons in a 384-well assay format. In addition to BILN-2061, HCV-796, 2ЈCMA, and VX-950, we also tested a monomeric NS5A inhibitor, as this class of compounds has been reported to have significant differences in potency between genotypes 1a and 1b (18) . The EC 50 s for each compound against each genotype are summarized in Table 3 . 2ЈCMA, VX-950, and HCV-796 had similar levels of potency against both genotypes (Ͻ2.1-fold differences) ( Table  3) . The protease inhibitor, BILN-2061, was slightly less potent against the genotype 1a replicon (ϳ5.7-fold). However, the monomeric NS5A inhibitor was over 1,200-fold less potent against genotype 1a than against genotype 1b.
Genotypic analysis of the new stable 1a replicons. In addition to the cellular background, adaptive mutations in the replicon sequence are known to contribute to increased replication efficiency of replicon RNA. To investigate whether adaptive mutations were responsible for the enhanced replication levels of our genotype 1a luciferase replicons, we sequenced the nonstructural regions of replicon RNAs extracted FIG. 4 . Robust luciferase expression in 1a luciferase cell clones. Stable cell lines replicating either the 1a H77 Rluc-Neo, 1a H77 GlucNeo, or 1a SF9 Rluc-Neo replicon were assayed for luciferase activity. In the nomenclature of the cell lines, 51C and 57C refer to the cured cell line that the cells were derived from, H77 and SF9 refer to the strain of HCV the replicons were constructed with, Gluc and Rluc refer to the reporter gene (Gaussia luciferase or Renilla luciferase), and the terminal number indicates the clone number. Error bars show standard deviations. RLU, relative light units. Gaussia 1a (1a 51C-H77-Gluc1) 128.0 0.78 a Signal-to-noise ratio was calculated by dividing the mean signal from 24 negative-control DMSO-treated wells by the mean signal from 24 positive-control BILN-2061-treated wells.
b The ZЈ factor was calculated using 8 positive (BILN-2061 treated) and 8 negative (DMSO treated) control wells from triplicate experiments.
FIG. 5. Antiviral response is consistent across multiple genotype 1a replicon cell lines. Novel genotype 1a luciferase-encoding replicon cell lines were seeded in 96-well plates and treated with the indicated HCV inhibitors for three days. After drug treatment, the dose-response for each antiviral was quantified by measuring luciferase activity in duplicate, and EC 50 s were calculated by nonlinear regression. EC 50 s are plotted on the y axis, the antiviral compounds on the x axis, and the cell lines are indicated by the symbols showing the data points (E, 1A 51C-H77-Gluc1; ᭛, 1a 51C-H77-Gluc2; ƒ, 1a 51C-H77-Gluc3; F, 1a 57C-H77-RlucP; ᭜, 1a 57C-SF9-Rluc1; , 1a 57C-SF9-Rluc2; f, 1a 57C-SF9-Rluc3). Each data point represents the arithmetic mean of the results of two independent experiments. Horizontal lines represent the average EC 50 across all seven cell lines. We first sequenced the coding region of the nonluciferase replicon RNA extracted from the five 1a H77 nonreporter cell lines (derived from Huh7-Lunet cells) to determine if any mutations arose during selection (Table 4) . For each replicon cell line, we isolated total RNA and sequenced the entire replicon coding regions. Baseline adaptive mutations in the parental 1a H77 Neo replicon included the NS5A mutation, S2204I, and the NS3 mutation, P1496L. In all five of the 1a H77 replicon cell lines, these baseline adaptive mutations were maintained. However, additional HCV mutations were also observed in all five cell lines. One of these cell lines (1a H77-57) contained the previously reported NS4A adaptive mutation K1691R (37) . The other clones contained mutations that have not been previously reported (S1289C, A1323S, M1646I, I1694T, and I2273T) but which were not consistently selected across multiple clones.
A similar analysis was then performed on the luciferaseencoding replicon cell lines. As with the nonluciferase replicon cell lines, baseline adaptive mutations encoded in the parental H77 replicon were maintained in each clone after selection (Table 4) . Similarly, adaptive mutations in the parental SF9 replicon (S2204I in NS5A and E1202K and D1431Y in NS3) were maintained in each clonal cell line after selection. In some but not all of the luciferase-encoding replicon cell lines, additional mutations were identified. The known adaptive mutation K1691R was identified in the 1a H77-57 cell line and also appeared in the 1a 51C-H77-Gluc2 clone which was derived from the H77 1a strain. The NS4B mutation E1726G was observed in two 1a H77 luciferase clones, and the NS5B mutation E2860G was identified in one H77 luciferase clone. However, the 1a H77 Rluc polyclonal pooled cell line did not show any consensus mutations beyond the parental adaptive mutations. Examination of the 1a SF9 luciferase replicons identified two mutations present in one clone each: I1475T in NS3 and L1715S in NS4B. The third SF9 replicon cell line did not contain any mutations. Overall, these analyses did not identify any specific mutations that were required for genotype 1a replication (beyond the parental adaptive mutations) in Huh7-Lunet, 51C, or 57C cell lines.
DISCUSSION
While the widely used Huh-7 cell line and, particularly, the derivative cell line cured of the genotype 1b replicon known as Huh7-Lunet support robust replication of genotype 1b reporter replicons, these cell lines do not appear to support the generation of stable genotype 1a reporter replicon cell lines. Indeed, we were unable to generate any genotype 1a stable replicon colonies when using replicon RNAs encoding a luciferase reporter gene. In contrast, but consistent with what others have reported, we were readily able to establish genotype 1a replicon cell lines using replicons without a luciferase reporter. To facilitate the generation of luciferase-encoding genotype 1a replicons, we cured cell lines stably replicating a genotype 1a replicon without a reporter gene, using a combination of HCV inhibitors. The resulting cured Huh7 cell lines were remarkably more permissive to genotype 1a replicons with or without reporter genes; in fact, two out of five cured cell lines had permissivity to nonreporter genotype 1a replicons that was enhanced more than 100-fold compared to the permissivity of Huh7-Lunet cells during colony formation assays.
We also tested the ability of the 57C cured cell line to support the replication of genotype 1b and genotype 2a replicons. We found that this cell line supported robust replication of all three genotypes (1a, 1b, and 2a). However, in contrast to genotype 1a, which replicated 30-fold better in 57C than in Huh7-Lunet, genotype 1b showed little enhancement (approximately 3-fold), while genotype 2a replicated better in Huh7-Lunet cells. These results suggest the presence of cellular factors that are able to influence HCV replication in a genotype-specific manner, since permissivity was not globally enhanced for all genotypes.
After establishing these 1a reporter replicons, we next validated their utility in antiviral assays. We found that under standard antiviral screening conditions (e.g., 3-day drug treatment of replicon cells in 96-well plates), replicon cell lines encoding either the Renilla or Gaussia luciferase had signalto-noise ratios of Ͼ100, with robust Z factors (Ͼ0.7). Furthermore, multiple luciferase cell lines, including those based on the H77 and SF9 1a HCV strains, were demonstrated to have antiviral susceptibilities for multiple drug classes similar to those observed in nonluciferase-containing cell lines. As genotype 1b and 2a luciferase replicons have been previously described (3, 14) , these new genotype 1a replicons will allow side-by-side direct comparison of antiviral potency among the three genotypes in a high-throughput reporter format. Furthermore, these 1a replicons encode either Renilla or Gaussia luciferase, which utilize coelenterazine-based substrates, whereas typical genotype 1b or genotype 2b replicons utilize firefly luciferase (which utilizes luciferin-based substrates); this opens the possibility to conveniently multiplex these new 1a replicons with 1b or 2a replicons using commercially available luminescence assay kits designed for this purpose.
With the compounds that we tested, we did not note any significant difference in antiviral sensitivity between the H77 and SF9 strains. However, these two 1a strains have a high level of overall homology (99.1% identity at the protein level). The NS3 protease domain and NS5B polymerase have particularly high homology, at 99.4% and 98.9% identity, respectively. NS5A and NS4B, which are emerging targets for drug development, have 98.4% and 97.3% homology, respectively. Overall, having two independent genotype 1a strains to validate inhibitor activity will be valuable for drug discovery efforts, especially given the natural heterogeneity of HCV and the significant impact polymorphisms have already been described to have on some HCV drug classes. We did, in contrast, confirm that a monomeric NS5A inhibitor had dramatically less potency against genotype 1a than against genotype 1b (Ͼ1,200-fold less). Such potency information is valuable for assessing potential variability in the clinic but might also yield valuable insight into inhibitor mechanism of action or aid molecular target identification for new drug classes.
Sequencing the 1a replicons stably transfected into Huh7-Lunet or 1a cured cell lines to explore the potential evolution of additional genotype 1a adaptive mutations did not reveal any high-frequency mutations in conjunction with the preexisting adaptive mutations. We observed the previously reported NS4A adaptive mutation K1691R and the nearby I1694T mutation twice each out of 12 sequenced 1a replicon cell lines. I1694, whose role in replication has not yet been characterized, is highly conserved among genotype 1a patient isolates. Positions 1715 (NS4B), 1289 (NS3), and 1646 (NS3) are also highly conserved among genotype 1a patient isolates, and mutations at these residues have an uncertain impact on HCV replication. It should also be noted that some clonal and polyclonal cell lines selected during these studies had no amino acid changes from the parental replicon sequences. Together, these observations suggest that factors specific to the cured cell lines, and not additional adaptive mutations in replicon sequences, are the greatest contributor to the enhanced replication phenotype of genotype 1a replicons in these cells.
In summary, the new luciferase replicon cell lines described in this report will enable convenient high-throughput screening and characterization of antivirals against genotype 1a HCV. The approach of creating cell lines with enhanced permissivity was crucial to the generation of the new 1a reporter replicon cell lines and did not rely on identifying adaptive mutations or using preengineered adaptive mutations beyond those already commonly described. Given the high prevalence of chronic genotype 1a infection, we envision that both the cured cell lines and the luciferase-encoding 1a replicons described herein will facilitate efforts to develop new therapies for HCV. Indeed, we have recently taken advantage of the enhanced permissivity of 1a cured cell lines by using them to phenotype chimeric replicons encoding target genes from clinical isolates (data not shown). In this context, these cell lines are particularly valuable, since such chimeric replicons often have significantly reduced replication fitness compared to that of laboratory HCV strains. Finally, these cell lines could be used, along with other permissive cell lines (e.g., Huh7-Lunet and Huh-7.5), to study cellular factors and pathways that govern HCV replication in a pangenotype or genotype-/subtype-specific manner.
